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THE BFFECTS OF CONCENTRATION ON PQLARIZATION CAPACITY AND
POLARIZATION RESISTANCE IN FERROCYANIDR-FERRICYANIDE CELLS
WITH PLATING ELECTRODES

A. Edward Remick and Herbert W. McCormick
Wayne University, Detroit, Michigan

INTRODUCTION

It has long been known that an electrolytic cell through which an
alternating current is passing exhibits both resistive and reactive
characteristics. The history of research dons on these characteristics
has recently been reviewed by Shaw and Remick (1) and therefore need not
be repeated here. It will suffice for our present purpose to review only
those details which constitute the necessary background for an under-

standing of this report.

The resistive characteristics of an alternating current cell are
two in number:

(1) The ®"true” electrolytic resistance, Ry, of the electrolyte
between the electrodes and (2) the polarization resistance, Ry o
These two components of the total equivalent series resistance, Rys
of the cell are related to it by the equationg

Ry = RT’RA (1)
or
Rg = 1 *R, (2)
al

where 1 i{s the interelectrode distance in centimsters, is the specific
conductance of the electrolyte and a is the electrode a in square
centimeters which must be the same as the cross sectional area of the
conducting path. Bq, (2) has been rigorously established by Jones and

Christian (2).

The reactive characteristic of an alternating current cell is
usually expressed as an equivalent series capacitance, C,, and is
called the polarization capacitance. It is considered to be made up
of two components; the electrical double layer capacity, C,, and a
pseudo-capacity, Cp. It is probably not correct, however, eo write

. C since Orahame (3) has shown that the equivalent circuit for

h!lf o? an electrolytic cell is almost certainly that given in fig. (1)
where O is a pure resistance, W is a non-linear circuit element called
the Warbwg impedance, i, is the charging current, i, the faradaic cur-
rent and iy the tctal current. The potential drop from A tc B may be
symbolized by epp; it is the drop across the double layer, the electrode
surface being at A. The pseudo-capacity is related to the Warburg im-

pedance as described below.
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The faradaic branch of the circuit is the one of chief interest to
chemists who are studying the mechanisms of reactions occurring at elec-
trodes: Grahames (3) has recently developed a mathematical theory of the
faradaic adnittance according to which the resistance 0 seems to be the
modern equivalent of the old and practically discarded concept of
“cherical resistance", More precisely, it represents the partial deriva-
tive of epp with respect to i, the relationship teing regulated by the
activation energy of the olec(ron transfer rsaction occurring at the
electrode. The Warburg impedance owes its existence to another slow pro-
cess, diffusion, which affects the potential because diffusion regulates
the concentrations of electro-reducible and electro-oxidiszable substances
at the electrode surface and these concentrations regulate the potential
according to the Nernst equation, Quantitatively, Orahame defines the
Warburg impedance as 1/C§W 1/ when © is zero, Here c? 1s the equivalent
series capacitance of the faradaic branch of the circuit of fig. (1) and
(/ is the (requency of the alternating current in radians per second.

The term pseudo-capacity has been used loosely to designate that
part of the cell capacity which arises from any causes other than the
charging of the double layer. It may now conveniently be defined quan-
titatively in terms of Grahame's theory as being identical with C,".

The polarization resistance R, finds no place as such in Grahame's
theory. He prefers to use the equivalent series resistance R, of the

faradaic branch of the circuit and shows that

Ra. -9 or/./ux/l

where )/ is a complicated function of diffusion coefficients, transference
numbers and partial du‘fergntial coefficients related to the Nernst equa-
tion. Thus we see that Ry can be troken up into two components, one
related to the activation energy of the discharge process, the other to
diffusion and transference. For the purposes of the present report, R,
may be considered identical with the ®pseudo-resistancen, Rp.

A mathematical theory, similar in many regards to Grahame's, has
rather recently been published by Ershler (20).

The original objective of the work described in the present report
was to study the properties cf polarization resistance and pseudo-
capacity, to develop a sucporting theory and to apply this knowledge to
a study of oxidation-reduction mechanism. Orahame's report on the mathe-
matical theory of the faradaic admittance did not become available to us
until many months after our research was well under way. Its advent
suggested expanding our original aims to include checking our data against
kis theory, as far as that is possible at the present times.

Of the many variables which affect the valuss of polarisstion capa-
citance and polarisation resistance we will deal in this report only with
the electrolytic concentration. A brief history of previous research on
this subject will be given in the following paragraphs.
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All irvestigators agree that Cq increases with the concentration.
Typical of the electrodes and electrolytes which have been employed are
the foliow.ng: silver nitrate with silver clectrodes(2), strong mineral
acids with platinum or mercury electrodes (5), nautral inorpanic salts
with platinum, silver, nickel or mercury electrodes (L, 6), mixtures of
ferrocyanide and ferricvanide with platinum electrodes (1l). The results
of these investigations may be interpreted to mean that C4 increascs with
the concentration of electrolyte rega~dless of whether or not a faradaic

process is operative.

The effect of concentration on the double layer capacity has been
formulated in terms of the thermodynamic theory of electrocapillarity
(7) but this phase of the problem is by no means a closed book,

A special phase of the concentration problem, which arises when both
companents of a reversibie rodox system are present in solution, is the
effect of "redox ratio" on Cq and its components. (The term "redox ratio®
is used by us to mean specifically the ratio of the concentration of the
oxidant to that of its conjugate reductant). Work on this problem was
started by Shaw and Remick (1) who shoved that the polarization capaci-
tances of ferrocyanide-ferricyanide mixtures avproach a maximum as the
redox ratio approaches unity.

It appears that Ra increases as the eclectrolytic concentration de- !
creases, Typical of the systens investigated are the following: platinum
electrodes in sodium chloride solution (L), gold electrodes covered with
finely divided gold in potassium chloride (8), silver electrodes in silver
nitrate (2), mercury in dilute solutions of mercurous nitrate in 2N
aquoous perchloric acid solution (19). An exception to this tentative
generalisation was found by Jones and Christian (2) who observed that R,
decreased with the concentration in the case of smooth platinum elec-
trodes in potassium chloride solution,

Grahame (6), using mercury electrodes in various salt solutions,
found that R. is zero when no faradaic current flows,

In developing his mathematical theory of the faradaic admittance,
Grahame (3) gave no consideration to the possibility that poorly cone
ducting electrode layers might contribute to Rg . While this possibil-
ity might be justifiably ignored in dealing with scrupulously clean
dropping mercury electrodes, such as he used in his own work, it should
be given serious consideration when solid electrodes are used. Indeed
there is definite evidercc that such surface layers are formed. S3cott
(9) shovied that such is the casc when lead electrodes are used and
Shipley (10), working w.th silver or copper electrodes at threce cycles
per second, visually observed the alternating appearance and disappear-
ance of colored electroae coatings which he considered to be oxddes.
Shipley!s rather well svpported theory of the critical current density
(10, 11) explains that phenomenon in terms of saturation of the elec=~
trodes with electrolytic gases. Considerable attention has also been
gliven to passivation of electrodes by means of alternating currents
(12, 13, 1k). Passivation strongly suggests oxide coatings. Thus
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there is ample evidence that electrode liaycrs are formed during alternat-
ing current electrolysis, at any rate when high current densities are
used. Although no one, as far as we are aware, has definitely showmn
that these electrode layers ccntribute to R, , there is a large amount
of well known evidence from direct current studies indicatas that such
might well be the vase, Thero is also the possibility that platinum
electrodes, for example, might not be f{reed from their oxide coatings by
the clectrode cleaning operation and that these coatings might make ap-

preciable contributions to the values of R,

Apparently no experimental investigations have been published which
deal with quantitative correlations of concentration with pseudo-capacity
and polarization resistance or with an analysis of the concentration
effect into terms of its dependent variables such as ionic strength, dif-

fusion rates and electrical migration rates.

EXPERIMENTAL METHOD

Kersurements of the resistance and capaci%tance of the electrolytic
cell werc made by means of an impedance hridge constructed in the same
general manner ana using the same circuit elcments as the bridge des~
crived b Shaw and Remick (1) except that; (1) shielded wirc was used
much more judiciously than previously (to improve the freedom from fre-
quency aepcndency), (2) both the source of alternating current and the
oscillograph used as a null point detector were isolated from the bridge
by shielded transformers (General Padio type $78-B), (3) a Ballentine
model 3C0 electronic voltmeter was used as a voltage amplifier in the
detector circuit, (L) the power amplifier was shielded, and (S) a some-
7at different type of electrolytic cell was used. As before, the cell
was immersed in a constant temperature bath kept at 30° ¢+ 0,17, purified
nitrcgen was bubbled through ‘t and the platinum clectrcdes erployed were
made by scaling vlatinum discs in glass tubing so that the platinum sur-
faces were flush witk the ends of the tubes. Thc new features of the
cells were: (1) the electrodes were mounted one above the other and the
upner electrode was mouated in a threaded brass sleeve so that the inter-
electrode distance could be varied and measured vith a cathetometer, and
(2) a piece of glass tubing, opzn at both ends, was slipped over the
electrcdes. Its inside diameter was just large enough to allow the I{ree
notion of the upper electrode within it and its upper end projected adbove
the surface of the solution. Its purpose was to provide a conducting
path of fixed diameter so that the intar-electrode distance would be the

only geometrical variatle.

The "true® electrolytic resistance of the solution, Ry, and the
polarization resistance, R, , were delermined by the method introduced
by Miller (15) and used effectively by Jones and Christian (2). This
method is based on Bq. (2) from which it is seen that a plot of R
against the inter-electrodoe distance will give a straight line wiih an
Rg intercept equal to R,. Eq. (1) can then be used to calcul ate Ro
for each inter-electrode distance.
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The cleaning of the electrodes will be discussed in the following
section of this report.

The potassium sulfate, potassium ferrocyanide and notassium ferri-
cyanide used were Baker's analysed reagents. Thc sodium benzenesulfonate
was orepared from a fpractical® grade of benzene sulfonic acid and twice
recrystallized,

REPRODUCIBILITY OF ELECTRODES AND HYSTERESIS

The difficulty of metting rcproducible measurements vith metallic
electrcdes under non-equilibrium conditions is well knomm. Nevertheless
olatinum electrodes ‘terc chosen for our investigations in preference to
dropoing mercury clectrodes bocause we wished to develop a technique
that could be used in studying the mechanisms of oxidation of organic
comoounds which require anodic nsotentials exceeding tha dissolution ovoten-
tial of mercury. Furthermore, uniform current density cannot be attained
and rcsistance measurements encounter grave difficulties when dropping
electrodcs are used in the frequency range in which we are most interested (19).

The cathodic cleaning of electrodecs in alkaline cyanide, used by
Shav and Remick (1), was found not to give sufficiently good reproducibil-
ity so that the recults of independent runs made, for example, at differ-
ent concantrations could be compared with each others. Months of effort
were cxpended in seeking a satisfactory method of cleaning platinum
electrodes, We tried hot aqua regia, hot nitric acid, anodic cleaning
and cathodic cleaning in alkaline cyanids or in nitric acid, mechanical
oclishing and finally silver and gold olating. ‘e tried various combina-
tions of those treatnents and various lengths of time.

The method finally adopted was thc following one. An electrode
made from new platinum was immersed in the alkaline cyanids solution
recommended b Shaw and Remick (1) and cleaned anodically for two minutes
and cathoddcsily for four minutes using 3 volts with an electrode separa-
tion of about 1.8 cm. This cycle 'ins performed thrce times. The electrode
was then vashed very quickly -vith distilled water, then with a portion of
tho cell solution and immcrsed in the cecll. Electrodes so prepared gave
gteady roadings after about 30 minutes immorsion and never changed after
that by more than 2% on standing for 2l hours.

A related difficulty occurs when electrodes are subjccted to high
current densities. “+thon th~ current density gets high enough a sort of
f"hysteresis™ sets in. Bridgc readings become unstable, drifting with
time, and {f the current donsity is losered the reosistance and capaci-
tance show reluctance t0 return all the ray to their former valucs. A
similar "hystcresis" was observed by Slygin and Frumkin (16) in making
direct-current charging curves for platinum in aqueous sulfuric acid.

e e eelae
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Since we were interested in making semi-quantitative studies at
high current densities, it was obviously dasirable to eliminate or
correct for hysteresis if that were possible. With this goal in mind
we attempted to establish its cause., We do not fesl that our studies
of hysteresis merit any cdetailed description but a brief comment on
them seems to be in order. ‘e consider that the most likely cause of
hysteresis is the collection of electrolytic gases on the electrods.
This could easily account for the accompanying instability of bridge
readings and would only make its appearance above a certain current
density value., ‘This theory is also supported by our observation that
hysteresis sets in at a much lawer current density wvhen ferrocyanide
alone is present in solution than when a poised ferrocyanide-ferricyan-
ide solution is used. In the former case, ferrocyanide is oxidized
during the anodic half cycle and hydrogen ions are reduced during the
cathodic half cycle (17). When the poised solution is used, the
cathodic half—cycle will reduce ferricyanide instead of hydrogen ions
at moderate current densities.

We also observed that hysteresis increases when the current con-
tinues to flow at a constant rate. This observation suggests that,
owing to the sluggish reversibility of the redox reactions oroducing
hydroger. or oxygen, the layer of pas continually builds up on the
electrode.

The fcrmation of a layer of adsorbed gas would be expected to in-
crease the resistance. Such an increase was observed.

The dissolution of platinum i3 a conceivable cause of hysteresis,
but in none of our exp:riments was hysteresis accompanied by a visible
change of the electrode surface. Furthermore, in the experiment with
the ferrocyanide solution, one would not expect dissolution of platinum
at the moderate current densities used. Tha latter remark would apnly
equally to the possibility that hysteresis is caused by the formation
of an unstable oxide whose instatility would account for the observed
instability of the bridge readings. It is not impossible that unstable
compounds arc produced electrolyticaily from ferro- or ferricyanides,
but. this explanation could hardly apply to the hysteresis observed with
votassium sulfate solution, although in this case a hizher current den-
sity was required to produce the hysteresis.

Strictly speaking, it is not a critical valne c¢f the current density
7thich causes the onset of hvsteresis but rather a critical value of the
half=iave area (i.e., the number of coulombs per half cycle) or the peak
voltage (which would increase with the half-wave area). This we demon-
strated with & solution containing 0,005 mole per liter each of ferro-
cyanide and ferricyanide., At a frequency of 1000 c.p.s. and a current
density of 111 ma cm=® there was no hysteresis, but very strong hysteresis
was encountered at 55 ma cm™® at 200 c.p.s. These observations are in
accord with our tentative theory of hystoresis.

It is apparent that if our suggested explanation of hysteresis is
correct, we are not likely to find a way of avoiding it at high current
densities using platinum electrodes in agqueous solutions.
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RESULTS OF EARLIER INPEDANCE BRIDGE MEASUREMENTS

Before we had discovered a method of preparing reoroducible elec-
trodes re made a large number of experiments which gave excellent pre-
cision within a single "run®, as judged by the smooth curves obtained,
but which could not bo quantitatively reoroduced if the electrodes were
recleaned between runs, Nevertheless, the curvey obtained on duplicate
runs always showved the same gcneral characteristics so we feel they are
qualitatively reliable. Insofar as these earlier experiments dealt
7ith relationships not reinvestigated later with our refined technique,
they will be presented triefly in this section of our report.

The Bffect of Current DNensity on Capacitance and Resistance.

It is well kno'm that if capacity measurements are made with solu-
tions such as aqueous sulfuric acid or sédium chloride that increasing
current densities are not accompanied by any apnreciable change in
capacity until the current density reaches a value called "the capacitive
elevation point® (C.E.P.). Beyond this point tle capacity rises rapidly
siith the current density. Shaw and Remick (1) proscntzd evidence to
support the theory that the C.E.P. is the point at which the activation
energy hump associated with the electrolytic decomcosition of water is
overcome. They remarked that this phenomennon should not occur when re-
vursible systems are used. Nevertheless thay observed a C.B.F. with an
equimolar solution of ferrous and ferric sulfates using frequencies
ranging from 1000 to 10000 c.p.s.

Whether or not this unexpected resuit is related to their unfortun-
ate choice of frequencies or, as they suggested, to an unfortunate choice
of current densities, we do not know, We can renort, hovever, that e
observed no C,E.,P, vith poised ferrocyanide-ferricyanide solutions. In-
stead, a "canacitivc depression point" (C.D.P.) was found. This is
illustrated by fig. 2. A typical resistance plot is shown in fig. 3.
Although the icnic strength vas 0,382 in tha solution used for fig. 2
and 0,530 for fig. 3 (in other recgards the solutions were alike: 0.005M
in both oxidant and reductant, supnorting electrolyte KgSO4, frequency
200 c.p.S., intcrcloctrode distance 1482 cm), similar curves were obtained
in all runs., In all cas¢s a "resistive clevation noint" (R.B.P.) occurred
at the same current density as the C.D.P. The maximum in the Rg curve
is real, as shown by other experiments in which readings were taken at
higher current densities. Tt was also observed that the R,E.P. increases
srith the frequency. Finally, it is of interast to note that in still
nther experiments writh the ferricyanide-ferrocyanide system in which it
vas attempted to make check runs '7c found that although the absolute
valuzs of C4 and Rq did not check (due to our inability up to that time
¢0 find an offective method of cleaning our elcctrodes), the values of the
C.D.P., the R.E.P. and the maximum in the Rgq curve checked very well.

The theoretical exnlanation of the C.D.P. is quite obvious. Since
in these solutions the values of C4 ranged from 250 to 500 microfarads
per square centimeter, it is apoarcnt that Cq is largely a pscudocaoacity
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which is very probably the rosult of the reversible clectroghemical
pclarization onc would expect with a reversible redox system (18),
Accordingly, vhen thc alternating current excursions (and therefore
the voltage cxcursions) arc small, the limits of the poisccd region of
thc Nernst clectrodc notcontial curve are not excecded and the differ-
ontial capacity (dQ/dE) is essentially constant. It is also very
large in the poised region. Whon the voltage excursions are increased
sufficiently, the limits of the noised rcgion are excecded and the
capacity shculd fall, That it actually does so is additional evidence
in favnr of this theory of nscudocapacity. The observation, that
CaEB.P.'s are associated 'vith irrcversible clectrode reactions while
the exdstence of a C.D.P. indicates a recversitle clectrode reaction in
a poised solution, could conceivably serve a diagnostic purpose in
studies of reaction mechandsm.

The theory of tho R.E.P. is not oqually clear, We will not pursue
it further at this time.

The Relationship between Cell Voltage and Current.

We have consistently obscrved in our expecriments with ferrocyanide-~
ferricyanide mixtures that a plot of current density against cell voltage
(measured -tith an electronic voltmeter) is lincar up to rather high cur-
rent densities. This is illustrated by fig. 4. This can only mean that
the impodance is constant in this range despitc the fact that the values
of Cq and are far from constant (cf. fig's. 2 and 3). This constant
impedance explains why no distortion of either our current or voltage
waves was ever detacted oscillograshically in this range of current
densities. If it were otherwise, we would not bc justified in making
calculations of equivalent scries capacitance and rcsistance from im-
pedance bridge mcasurements,

The observation of such a linear reclation for a circuit containing
a non-linear circuit clemont (viz., the Viarburg impedance) suggests that
we have discovered in this relation an important clue to the nature of
the ¥arburg impedance, at least where poised rcversible redox systems
arc involved. Before jumping to this conclusion, however, we must con-
sider the possibility that tne large pseudocavacity results in a
capacitive rcactance so small that it is negligible in commarison to the
resistance, that thcrcforc the equivaient scries impedance is essentially
equal to R, and that the rel~tively small deviation of Rqe from constancy
Gcf. fig 3) results in an essentially lincar rel-tion between E and I.
To answer this criticism, consider that th: deviation in E caused by the
deviation GR in Ry is

£3;7-7 ﬁni/cﬂ) @!f

R

-,\. e



e Y PE S re——— —— e ———— & b o o o RN M s emtea s r e eet e e o @18t S v acebapil |

9=

Introcucing Ohms law and values of I and £ R taken from fig. 3, this
equation tecomes

& .- 1-8R = 0,040 amp X 2.7 ohms = 0,108 volt
ST

This is ten times any observed deviation of B in the linear range of fig. L.

Apparently, then, the linearity in question represants a fundamental
property of the ferrocyanide-~ferricyanide cell and possibly of all re-
versible oxidation-reduction cells. We arec not prepared to pursue the
theoretical interpretation of this observation further at this time.

RESULTS OF LATER IMPEDANCE BRIDGR MEASUREMENTS

The mcasuremonts described in this section of our report vere made
with platinum electrodes cleaned by the improved method which already has
been described., These mensvrements, in contrast to thosc described in
the prececding section of this report, were all made at low current den-
sities (1.52 ma cm™®),

In order to establish the rcoroducibility »f electrodes prepared by
this method, the elcctrodes werc immersed in 2 solution of 0,005 ferro-
cyanide and 0,009 ferricyanide containing enough potessium sulfate to
give a total ionic strength of 0.231l, alloved to stand 20 - LO minutes
and bridge measurements made at a frequency of 800 c.7.3. The electrodes
were then removed and cleaned again., This comletes cycle was carried out
nine times, The mear. deviation 'ras 1.5 +F en™®(0.78%) for C4 and 0,2
ohm (0.31%) for R,. The corresoonding maximum deviations from the mean
were L cm~® (2.1%) and 0,5 ohm (0.77%). As a further check on repro-
ducibility, a compietely independent check run was made on the dispersion
of Cg and Ry at ionic strcngth 0,231, (table 1), The resistance measure-
ments checked to within a few tenths of an ohm and the capacitance
measurements within 2 M F cm=® sxcepi at LOO c.p.s. where the deviation
was L.L and at 200 c.p.s. where it was 18 (or 5.2%).

Tables 1 to L pive thc data collected in our study of the effects
of ifonic stroength, suonorting electrolyte and concentration of deoolar-
izer on Cq, Ry and R, and their dispersions. All measurcments wore
made at 300 £ 0,1°, ©

The Bffect of 2 Supnorting Zlectrolyte.

If alternating curront techniques are to be used as reliable and
versatile tools in studying oxidation~-reduction mechanism, it is essential
that we first understand the influcnce of concentration in gencral and
of supnorting elecctrolytes and ionic strength on the directly measured
variables., For example, if it is dosircd to study the oxidation or re-
duction of organic comnounds it =will usually be necessary to add a sup-
vorting clectrolyte to render the solution sufficiently conducting. It
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thus becomes nacessary to know what effects to cxpect from the supporting
electrolyte and to correct for them quantitatively, if nced be. Or again,
it might be desirable to study the effect of altering the rcdox ratio

and sincc this cannot bec donc without altering tho concentration of one
of the redox components it would again bc necessary to knox how to make
corractions for the effect of the concentration change as such. As an-
other examole of the oractical nocessity for this knowledge might be
mentioned the probsLility that variations in the concentration of the
supvorting electrolyte or of the ionic strength as such could well be
made to vield information on thc charge typc of the participating species
in a redox rcaction. Finally, studies of the type under discussion can
contribute valuable data for Qualitative and quantitative tests of oxist-
ing theories.

Table T shows tho variation of Cgq, Rg and Ry with the jonic strength
at constant concentration of depolarizer. TableuTV shows the correspond-
ing mcasuremcnts at constant total ionic strength and variable concen-
tration of depclarizer. From thosc data the following conclusions can be
drawn.

(1) Cg incrcases with the ionic strength slightly and with the depolariz-
cr concantration markedly. (Cf., fig. V).

(3) R decrcases markedly as tho ionic strength increages. Its varia-
tion with decoolarizer concentration is slight; at frequencies of
60C z.p.s. and highor it increaxses with the concentration while at
lower frequencics the rasults ar> uncertain, but they seem to
indicate that in the presence of sufficient excess of supporting
clectrolyte R, is essentially indevendent of depolarizer concen~
tration,

in order to dctermine whcther the so-called effect of ionic strength
(Table T) is really that rather than something clse, sodium benzene-
sulfonate was used in place of potassium sulfate as supocrting
clectrolyt- at a total ionic strength of 0.231h (Table III)s Com=
narison of thcs~ two tables shows that the rcsults are not sufficiently
accurate to cnable us to statc with cortainty that Cq will have the
same vilucs in solutions of these two supoorting clectrolyces at the
same ionic strength, other things being equal, but at least the

data are not incompatible sith this conclusion. The data do show,
however, that R, 1is accurately the same in cach case. This conclu-
sion takcn together with conclusion # 2 above shows that the effect
of concontration on R, 1is largcly if not cntirely an ionic strength
effect in poised aqucous solutions of ferrocyanide and ferricyenide
in the prescnec of a sunnorting electrolyte.

Fig. 6 gives a plot of the cavacitancc data from Table IV. It
shors clearly that in the proscnce of sufficicnt suonorting clec-
trolyte C_ is a linear function of thc depolarizer concentration
and that %he rate of change of Cg with thc concentration is greater
at lower frequencics, the half-vave arca being constant.
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The points corrcsponding to the highost conccntration do not fall on the
straight lines. This woc ascribc to tha absence of suoporting electrolyte
in this solution. Sincc thc lonic strcength was the same in all four
solutions, we can conclude that at least a part of the offect of the sup-
porting clectrolyte on Cq 1is something othcr than an ionic strongth offect.
It is prosumably the climination of the clectrical migration of the ferro-
cyanidc and ferricyanide ions,

Disversion studies.

In studyine thc dispersion of Ry and Cq it 1s nceessary to decide whether

the voltage, current or halfewavc area (i.c., the number of coulombs per
half-wavc of current) is to be kept constant, Corrcesponding respectively
to thesc three conditions we may study "E-~dispersion®, "l-dispersion® or

'Q-dispersiont, ‘hich of thesce typos of dispersion will be chosen depends

on thc pwroosc for which thc mcasurcments arc made,

If it is desircd to obtain C, by oxtrapolation of a plot of Cs against

the reciprocal of the square root of the frequency, onc should pick condi-
tions so that Cy is constant. Cq is a function of Byp (cf., Fig. I) but
is inZipendent of frcquoncy as such (6). Idcally, then, the dispersion
should be measurcd at constant B,ne. Strictly speaking, this would demand
an alternating current of infinitesimal amplitude. The best we can do is
to use a very low currcnt density and rccognize that an increasing fre-
quency can then influcnce our ccll in two fundamcntally different ways:

(1) The half-wavc arca is decrcascd (at constant current) and (2) The
Warburg impedancc is increascd. The decrcased half-wave area roduces the
number of coulombs passing through the ccll (2t constant I) so that E,p is
decreased and C4y changes, To some cxtent this decrecase of Ezg is counter-
balanccd by the incrcase in the wWarburg impcdance and thc decrease in
double layer impedancc accompanying thc increase in frequency. These in-

fluences both operate to alter the coulombic partition between the faradaie

and non-faradaic branchcs in fevor of the latter so that E,g will increase
somcwhat as a result, This sccond factor should bo of rclatively small
importance, however, so that wc may concludc that (-dispersion is to be
preferred to T-dispersion since thc first influencc is thereby climinated
entircly, In rogard to K-dispersion, it must be rcmembered that it 1s
impractical to keep E,p constant, If tho coll voltage is kept constant,
the alteration of ¢ impedanes due to both of the influcnces under dis-
cussion will rcsult in an alteration of IRp so that constant ccll voltage
docs not mcan constant Ejge In vicw of thesc considerations, wc chose to
measurc (-dispcrsion in our later studics., The results of our dispersion
studios will bc discusscd in the two succceding sections of this report,

Elcctrode Laver icsistance,

In our Mc¢arlicr impedance bridoe measuromcnts®™ we found that I-dis-
persion plots of R, against thu reciprecal of the square root of the
frequency were usually lincar and that always the cxtrapolated valuc of
Ry at infinite frcquency was higher than Rqp as determined by extranolation
to zcro intcrolectrode-distance., Inasmuch as the latter mcthod gave the
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same values of Ry as determined by the Kohlrauch method (i.e., using
platinized clectrodes), it was decmed rcliable and the higher valucs ob-
tained by the frequency cxtrapolation interprected to mcan that there must
be at the clectrode surfece a frequncy-indepecndent componont of Ra’

In terms of Grahame's thcory, the impedance of the faradaic branch of the
circuit is infinitc when the frequency is infinitc so this component of
Rgq cannot be in the faradaic branch. If it is true, as Grahame thinks

is true for clcan surfaces, that tne rcsistance in thc non-faradaic branch
of the circuit is zero, then this componont of Ry must fit into Pige I

to the left of A, in scrics with R,e It is hard to imagino what it would
be except the resistance of a poorzy conducting layer on thc electrode
surface, so we will tentatively call it the "clcectrode-layer resistance"
and symbolize it as Ry« This means that Eq. (1) now must be wewrittcn as

Ry = Rp + R) *+R | (L)

when platinum clectrodes arc involved, Ra rcmaining the only frequency-
dependent compenent.,

The pertinent data arc given in Table V. The clectrodes were ®cleaned®
by a varicty of methods resulting in a wide varicty of values for Ry. It
is intercsting to note that the lowest valuc of R, was obtained in the
only run in 7hich the elcctrodes werc polished, %Subscqucnt to polishing
they werc cleaned cathodically in alkaline cyanide,) These resultes arc
compatible with the conclusion that at least a part of Ry is causcd by a
surface layer left on the elecirodc by the cleaning process (or produced

hy it).

Table V also indicatcs a parallelism between Ry and Cg which shows
that the values of Cq are very sensitive to those of Ry,

The dispersion mcasuremcnts made after wo discovered a satisfactory
mcans of getting reproducible clectrode surfaccs were all of the Q-dispersion
typc. The experimental values are given in Tatles I-IV and the calculated
values of Ry in Table VIs The plots of Ry against the reciorocal of the
squarc root of the frequency were all strictly linear cxcept the onc marked
with a double estorisk. The folloving conclusions can be drawn from thesc

data,

(1) Ry is always positive.

(2) Ry is not 2 function of the clectrode clcaning process alone
bcececause it increescs as the depolarizer concontration incrcases
and decrcasaes s the concentrrtion of the supporting clectrolyte
increascs, other things being equel.

(3) Our imorov:d method of cleaning clectrodes makes a constant con-
tribution to the value of Ry as shcwn by the last two lincs of
Table VI,

(L) Plots of thc rocinrocal of Ry » as defincd by Eq (L), against
the molar concentration of devolarizer at constant ionic strength,
arc linear. The slopes are nositive and increasc with the ire-

quency.




T e o apy w e acsaagmelly | ——

W e M @ AP ® s Ao e o s ae

LS T

LR o

=)

13-

Dctermination of the Double Layer Capacity

It will be explained later that if we arc to usc our data for a pre-
cisc quantitative test of tho validity of Grahamets theory for mcasure-
ments made with platinum electrodes, we must first mcasurc the doudble layer
capacity. Ordinarily this is done by cxtrapolating a plot of C_, ageinst
the reciprocal of the squarc root of the frequency to infinite ircquency.
Such plots made from our data are linear but the uncertainty in tho extra-
polated values amounits to as much as f2emicrofards/cm®. Since C4 itsclf
is of this same order of magnitude in our solutions, this degree of orr-
cision is not sufficiently good for thc proposed test of thc theory.

It is common practice in polarography to determinc the charging cur-
rent from measurcments on the supnorting clectrolyte alone. Although we
felt grave doubts about the goneral validity of this method, it suggested
that measurcments of the capacity made on thc supporting clectrolyte alone
might yicld a rcasonably accurate valuc of Cq. The data arc given in
Table II. Tho caoacitance values there given show a Q-dispcrsion, which
suggests that in addition to thc true double laycr capacity an additional
source of c=apacitance is present. This same conclusion is also in accord
with the fact that those values are considerably higher than those deter-
mined from the data on poised solutions by extrapolation of Cg to infinite
frequency. A plot of the Cg values from Table IT against the reciprocal
of the square root of frequency is far from linear.

We arc workinsg on an oscillogranhic method of detcrmining Cgq. The
mcthod, although inadequately tested, scens to give consistent results of
relatively high precision, but we have not convinced oursclves that what
we are measuring is really thc double layor capacitys. Rather than postoone
this roport any longer, wc have dacided to let this phasc of our work as
well as the related application of our data to a precise quantitative test
of Grahame's thecory awsit our ncxt tcchnicrl reoort.,

Theoretical Intcrprctations

All of Grahame's thcoratical equations (3) are developed for the
faradaic branch of Fig. I. This mcans that from our valucs of Cq and Ry,
which are related to the whole cell, we must calculatc Cq® and Ry# whicﬁ
are the cquivalent scrics capacitance and resistance for the farsdaic branch
of half of th- cell. The conventional mothod of altcrnating current circuit
analysis suffices to relatc thesc pairs of valucs., If we let ¥ rcoresent
the vcctor admittance we may write

where the subscripts have mcanings obvious from Fig. I. We also wish to

consider a scries comoination of Rq® and C # who3c vector admittance, Ye,

is equal to YF‘ Equating the two 72 ueing 3q. (S) we gets
?AB'Yd'-Y.'

or, expressing cach admittance in the conventional way, 've may writc:

——
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ahere xs’ x»s and Xd arc the reactances corrcsponding to Cq ca' and cd

raspoctively and ©J is the imaginary operator. If we now oquate the
horizontal and vertical components separately, we gct the two equations:
-

> R, - R. e f#g 6)
(Rg = Rp)® « X% (Reg)Y + (X#g)"

2x§ 1 I»
W oex8, X4 R*_)¥ + (X» (N

These twe equations may now be solved simultaneously to gets

Reg = M (8)

and
TR AN (9)

U = 2(Rg - Rp) (10)

and

1 (11)

Tt is obvious from the above cquations that R#g and C#g cannot be
calculated vwithout knowing the value of the double layer capacity. Since,
as was cxplained in the preccding secticn, vwic have not yet been able to
get sufficicntly accurate vilues of the double layor capacity, this veory
important comparison of our data with Grahamc!'s thcory must await the
solution of this difficulty.

There is possible, however, one soeniquantitative check of our data
with Grahame's thcory vhich can bc made without knowing the double layer
cavacity, The folloving mathematical development is necessary for this

purpose.

Eq. 37 of Grahame's recnort (3) is:

W=?;p;¥/q 2¢€, (12)

-t tee am
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where é = 3E/a-.r: (13)

Here WY 1s the concentration of the substance Wy at a distance from the
electrode "just excceding that at which the cffect of the double layer
begins to be aporcciable.” Tt may be taken as the concentration in the
bulk of thc solution. When the diffusion occurs in tho aqueous phasc and
a sunporting clectrolytc is present in a sufficiently high concentration
to reduce the transfercnce numbers of the depolariser ioms to zero, v:
is tho number of equivalents of an ion produced by chemical action when
onc faraday of electricity crosscs thc phase interface, According to
Grahamc's conventions J, has a valuc of -1 for forricyanidc ions and +1
for ferrocyanide ions, Finally l is the diffusior cocfficient of the

substance '1'

If we expross the Nernst equation in terms of concentrations rather
than activities and use the Amcrican conventions with regard to sign, w2

get:
E < Bo - (RT/nF) 1n ('ox/‘vred)

where w and w arc the bulk concentrations cf foerricyanide and ferro-
cyanide rcsp;ctivciy Differcntion of this cquation with respect to con-
centration and combination :dth Bq. (13) givoes us the two equations:

ﬂoxa &/6 Fox = Rp/nFw (1h)

ﬂred"‘ k/a"’red 3 r"'Z‘/"“:\"'rcd (15)

Combinaticn of Eq's. (12), (14) and (15), introduction of the numerical
values for ¥ and recognition that in our poiscd solutions wx “red" ™

yields the cquationg .
!3‘;-9; M 6('“

- RT : =
v = (5 Jbom by, (16)

Grahamels Bq. (39) may be written in terms of our symbols as:

Y9 e (17)

Combination of Eq's. (16) and (17) ecives:

2w (V6 €
J FEELET-) B .1

If th. temrcratuvie and frequency are held constant and if we assume, as

a first aonroximation, that in the prcsaonc: of an appreciable oxcess of
sur~orting clectrolyte and at constant ionic strength the diffusion coef-
fici:nts arc independent of the concontration of the depolarizer, Eq. (18)
becemes:
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tially zero, so that Eq. (20) becomes

-16=-

CHg = kew (19)

3imilarly Eq. (16) can be sutstituted into Eq. (3) to give the cquation:

- k!
R¥_ =0+ - (20)

vic are dealing with a reversible redox system, O should be esscn-

Rl = k'/w (21)

Substitution of Bq's. (19) and (21) together with the definition of X#g

intn Eq. (O} gives:

1 2(‘1 R}) - k"

The validity of this oquation can rcadily be tested since all quantities
on the left hand side of thc cquation are known from experiment. Intro-
duction of the data from Table IV into this :quation gave valucs of k
whicih show2d no indication of constancy at 2 given frequency.

(22)

One nced not seck far for an exclanation of this railure if one re-
mombers that our experimcents indicated that an additional resistance, Rl’
must be added to Fig. 1 to givz an equivalent circuit which adequately
represents our cell., If we assume that Ry is in sories with the rest of
the circuit, it follows that tho quantity Rg - Ry in Bq. (22) should be
replaced by Rq - Rp - Rl' This quantity we may call Ry and Eq. (22)

bBecomes ;

1l . m‘) w k (23)

hd R'Q . t';

alucs of k calculated from the data in Table IV are given in Table VII.

In the last colum ~rc listed the porcent deviations of k from the mcan,

In vicr of the assumptions which went into Bq. (22) and the high rolative
exccrimental errors in the small R, valnuces, csoecially above 100C c.p.s.,
thc constancy of k is gratifying. The conclusion s:oms justified that,

to & first approximation at lcast, Grohame's theory adequately represnts
the cffect of variations in the concentration of the depolarizer in the
prescnce of a large cxcess of supnorting eluctrolyte and at constant ionic
strength when platinum clcectrodes arc uscd in poised ferrocyanide-ferricy-
anide solutions -- provided that a corrcction is made for thc presence of

an "electrode laycr r-.sistancc!.

Until we succeud in measuring C4 more accuratcly, the only possible
further comp=2risons of our data with cxisting theory arc qualitativo in

naturc.

Our observation that changes in the ionic strength cxert only a small

influcnce on Cg is to be expected since lonic strength, according to
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Grahame's thoory, affects C#, only through its cffect on ) which in turn
is affccted only because the redox ratio in the Nernst equation was ex-
pressed in terms of concontration rather than activity and becausc
diffusion constants are slightly doncndent on inter-ionic attraction.

By the samc token and in view of the similaritics of Eq's. (3) and (17)
and the similar relations of Re, and C+ igg¢he equivalent circuit, one
might expect likcwise that Rg would not®be —ach affected by the fonic
strength. We have socen, however, that the opoosite is true. We pian to
givc more consideration to this question in the near future.

The dependence of Cg and Rq on w, experimentally observed in the
presence of an cexcess of supporting clectrolyte, can be represented by the

equations:
CS = kxw (2!,[)

Rg = ka/ W (25)

Similar relations hold for Grahame's C#, and R#g as shom by Eq's. (19)
and (21). To ascertain whether or not our uxperimental observations are
qualitativcly consistent with Orahame's theory, Eq's. (2L), (25), (19)
and (21) may be introduced into Bq. {7), vhereunon we get the equation

I/Xd = kyW (26)

This equation dcmonstrates consistency -vith theory only in case i% is true
that the double layer capacity increascs with w at constant frequency in
the prcsence of an excess of supnorting electrolyte. This would be true
if the ferrocyanide and ferricyanide ions werc prefcrentially adsorbed on
platinum (6). We do not knov whather or not this is true.
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TABLE 1

Q-DISPERSION AS A FUNCTJON OF IONIC STRENGTH

Ferrocyanide (0.005M)
Ferricyanide (0.00SM)
Supporting Elcctrolytes KaSOe

Hzlf wave arca = 0,685 microcoul,/cm®
Inter-clectrode distance = 1.80 cm
Elcctrode Area = 0.253 cm®

Canacitance given in microfarads/cm®, rcsistancc in ohms

Ionic .

Strcngth 0.2314 0.3821 0.5300 0.680%
-P;rcq.- Cs Ry R, C¢ Ry Ra| Cg Ry R | Cg Ry Ry

200 c.p.s.| 3L3.5 207.0 75.0 | 359.2 127.8 L9.7 | 389.9 96.1 37.1{397.6 78.0 31.3

LOO 252.1 204.0 72.0 | 258.1 125,1 L:7.0| 267.5 93.2 3L.2|278.1 75.8 29.1

600 200.9 202.8 70.8 | 202.5 124.6 L6.5 | 215.2 92.0 33.0§215.1 7L.9 28.2

800 174.8 202.2 70.2 | 176.3 12L.0 5.9 | 185.3 91.L 32.L4}192.2 7L.3 27.6
1000 156.1 201.7 69.3 {153.8 123.7 LS5.6 1168.6 90.9 31.9!173.7 73.8 27.1
1500 122.8 201.0 69.0 |127.1 122.9 LL.8 | 134.6 90.2 31.2/138.8 75.0 26.3
2000 100.3 200.6 68.6 |103.6 122.L LL.3 |112.5 89.7 30.7{118.2 72.6 25.9
2500 86.9 200.5 68.5 | 88,6 122.2 Lh.1 | 97.7 89.5 30.5{101.L4 72.5 25.8
3000 77.1 200.1 68.1 | 8%.0 121.9 L2.8 |, 90.5 89.L 30.L| 92.6 72.3 25.6
3500 69.9 199.9 67.9 | 73.4 121.7 L3.6 | 82.8 89.0 30.0{ 8L.9 72.1 25.L
LoOC 63.5 199.8 67.8 | 67.6 121.5 L3.L | 77.9 88.8 29.8| 78.6 71.9 25.2
5000 53.L 199.L 67.4L 67.8 88,7 29.7f 69.9 71.7 25.0

57.9 121.1 L3.0

Rn = 132.0

RT - 7801

RT - 5900

RT . h6'7

“De
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Q-DISPERSION OF Cq FO® SUPPORTING ELECTROLYTE

Ionic strength
Freq.

200
Loo
600
800
1000

1500

2500

3500
L000

5000

TABLE II

Potassium sulfate

Half wave area - C.685 nicrocoul./cm®

Inter-electrods distance = 1,80 cm

Electrode area = 0,253 cm®

Capacitance given in microfarads/cm®

0.231)

Cs
8.94
8.78
8.63
8.L8
8.37
8.08
7.88
7.70
7.53
7.32
7417
6.96

0.3821
Cs

9.12
8.82
8.66
8.55
8.4l
8.23
8.08
7.93
7.82
7.7
7.60
7.3k

0.5300

ca
9.11
8.88
8.82
8.73
8.67
8.53
8.1
8.31
8.18
8,10
8.01
7.8k
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TALE III
Q-DISPERSION IN SODIWM BENZENESULFONATE SOLUTION

Ferrocyanide = 0,005M

Ferricvanide = 0,009

Suppérting electrolyte = sodium benzene sulfonate
Ionic Strength = 0,2314

Half wave area = 0.685 microcoulombs/ca®
Interelectrode distance = 1,80 cm

Electrode Area = 0.253 cm®

RT L 1112.0 ohms

Freq. - C’ R, R
200 350.7 216,9 Th.9
LOO L9 .6 21L.1 72.1
600 203.3 212.6 7046
800 172.5 212.2 70.2
1000 156.9 211.9 69.9
1500 125.2 211.2 69.2
2000 105.9 210.9 68.9
2500 91.2 210.6 68.6
3000 83.2 210.4 68.L
3500 75.2 210.2 68.2
L00o 67.8 210.0 68,0
5G00 60.5 209.7 67.7
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TABLE IV

Q-DISPERSION AS A FUNCTION OF CQNCENTRATION OF DEPGLARIZER

Dcepolarizers
Redox ratio = unity
Supporting clcctrolytc = Kg304
Balf-wave arca = 0,685 microcoulombs/cm®
Inter-electrode distance = 1.80 cm
Elcctrode arca = 0,253 cm®

Ionic strength = 0.6805

forrocyanide « ferricyanide

M(Ox.

Rad. ) 0.005K 0. 0108 0,015 0.ou25u*

m»q_.P Cs Rg Ry Co Ry Ry | ¢ Ry Ry | G Ry Ry
200 | 397.6 78.0 31.3§ 736.9 78.7 30.7 |1096 81,0 30.3 | 2693 101.1 3L.1
LoO | 278.1 75.8 29.1] 53k.1 77.1 2R.9 | 763.7 £C.C 29.3 | 1998 100.9 33.9
600 | 215.1 7L.9 28.2) L30.7 76.9 28.L | 638.L 79.7 29.0 | 1611 100.8 33.8
800 | 192.2 7L.3 27.6| 380.5 76.6 28.1 | 569.1 79.5 28.8 | 166 100.7 33.7
1000 | 173.7 73.8 2.2 3k2.3 76.4 27.9 | 517.0 79.3 28.6 | 1312 100.6 33.6
1500 | 138.8 73.0 26.3| 282.9 76.0 27.5 | 1427.2 79.1 28.k | 1237 100.5 33.5
2000 | 118.2 72.6 25.9 | 237.7 75.8 27.3 | 351.L 78.9 28.2 | 1069 100.L 33.k
2500 | 101.4 72.5 25.8 | 210.3 75.7 27.2 | 312.7 768.8 28.1 | $32 100.4 33.hL
3006 92.6 72.3 25.6| 19L.5 75.6 27,1 | 29L.3 78.8 28.1 | 785 100.3 33.3
3500 84.9 72.1 25.L| 175.3 75.5 27.0 | 265.5 78.7 28.0 | 699 100.3 33.3
L00O 78.6 71.9 25.2) 162.7 75.L 26.9 | 2u5.8 78,6 27.9 | 681 100.2 33.2
5000 69.9 71.7 25.0] 145.0 75.2 26.7 | 226.9 78.5 27.8 | 6L46 100.1 33.1

Rp = L0.7 Rp = 8.5 Ry = 50.7 Rp = 67.0

#Ferrocyanide and fcrricyanide

cnly (no supoorting clecturolyte)
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TABLE V

RELATION OF Cq AND ELECTRODE LAYER RESISTANCE

Cconcentration of ferrocyanide 0.005M
Concentration of ferricyanide 0,005M

Supporting alectrolyto KaSOq

Ionic strcngth 0.3821

Intorelcctrode distance 1.81 em

Frequancy 200 c.p.s‘

Capacitance givon in microfarads per cm
Ry Rp Ry Cs

107.5 77.9 23.8 L98

105.7 78.5 20,0 L68

104.9 77.6 16,8 L28

116.0 78.9 9.0 336
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TABLE VI
VALUES OF Ry FRQM Q-DISPERSION DATA

Thc experimontal valucs are in Tables I and IV cxcept
for tho ficheck run®

Ionic Molarity of Rl
Strength oxidant and
reductant

0,6805 0.0u25" 33.0

0.6805 0,0150 27.L

0.6805 0.0100 25.9

0.6805 0.0050 23.7

0,5300 0,0050 27,8

0.3821 0.0050 40.9™"

0.2314 0.0050 65.8
Check run 042314 0.0050 6L,8

# No supporting clectrolyte

## Plot of Ry against 1/yT, was siigntly curved
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VALUES OF k CALCULATED BY BEQ. (23)

o
c

Freq.

2C0
200
200

e o »

L0oo

Loo

500

000

600

500

800

800
1000
1000
1000
1500
150C
150
2000
2000
2000
2500
2500
2500
3000
3000
3000
3500
3500
3500
1000
L000
LOO0O
5000
5000
5000

* [ ] * [ ] * [ ] - * . L) .
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% Note that the R
in that it incléé

Xg

2.001
1.080
0.72
1.431
« 745
.521
1.233
.616
L1S
1.036
.523
349
1.1L5
.581
.385
. 764
937g
.2L3
673
<335
.226
628
.303
.203
.573
$273
.180
.536
259
172
.S06
.2uS
.162
.LS5
.219
.140

of this table differs from that of tables

%
TABLE VII

w

0,005
.010
.015
.005
.010
.015
.005
.010
.015
.005%
.010
.015
.005
.010
L0185
L0058
.010
.01§5
.005
.010
.01%
.005
.010
.015
.005
.010
.015
.005
.010
.015
.005
.010
.015
.005
«010
.015

k

L9.2
L3.7
L43.3
5.2
02.8
65.3
82.7
7.4
78.1
95.8
86.1
89.7
105.7
92.2
100.5
1.0
118.5
125.7
166.L
142.8
154.6
175.0
116.1
176.1
192.9
158.9
179.5
213.8
171.9
205.1
2u0.0
188.7
238.1
273.7
231.9
296.3

c$ 2 correctvion for Rl.

3.7
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